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电离性的硬X射线和伽马射线脉冲, 形成地球伽马射线闪(Terrestrial Gamma-ray Flashes, TGFs). 本文简要综述了
过去十年来基于国外卫星平台的TGF研究进展, 主要包括: (1) TGF通常由云闪初始阶段的上行负先导产生, 且经
常伴随峰值电流较大、脉冲电荷传输较强的云内放电过程(称之为云闪初始阶段的云内大脉冲过程); (2) 基于
TGF宽带射频信号的特征, 可以发展出基于地面闪电信号测量的TGF遥感方法, 从而提高TGF及其母体雷暴的可
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明显的区别: (1) 初始电子不同, 热逃逸理论中的初始
电子是由闪电负向导头部的流光产生, 而相对论逃逸
理论中的初始电子来源于宇宙射线和大气层的相互作





能, 因此可以延伸至100 MeV以上的幂律谱[28,29], 而相
对论性逃逸电子雪崩机制则预测TGF的能谱是指数截






































































Table 1 Comparison of technical parameters of the relevant satellite platforms in the literature of TGF observations
卫星名称 国家和地区 轨道高度 (km) 轨道倾角 (°) 观测能段 运行年限
CGRO-BATSE 美国 450 28.5 20 keV–2 MeV, 8 MeV 1991/4/5–2000/6/4
RHESSI 美国 490–505 38 3 keV–20 MeV 2002/2/5–2018/8/16
FERMI-GBM 美国 550 25 150 keV–30 MeV 2008/6/11至今
AGILE 意大利 509–533 2.5 – 2007/4/23至今
ISS-ASIM 欧洲 403–408 51.64 15 keV–400 keV,200 keV–40 MeV 2018/4/22至今
Insight-HXMT 中国 550 43 8 keV–5 MeV 2017/6/15至今
GECAM(双星) 中国 600 29 8 keV–2 MeV 预计2020年底发射































































Figure 1 Statistical histogram of impulse charge moment related to
TGFs detected by the RHESSI and FERMI-GBM satellites. (a) 135
TGFs detected by RHESSI during 2004–2011; (b) 144 TGFs detected
by FERMI-GBM during 2009–2011 (including 122 events identified by
ground search procedure, and 22 events recognized by the on-orbit
triggering algorithm).





































图 2 同2008年7月26日0938:16 UTC RHESSI探测到的TGF事件相关的LMA观测结果(a)以及同步的超低频(ULF)磁场数据
(c), 表明这次TGF事件出现在云闪初始(负极性先导上行发展)阶段, 并伴有明显的超低频磁场脉冲(表明较为显著的电荷传输
过程)[16]. 同探空曲线(b)的比较表明, LMA定位的辐射源主要同负极性先导在雷暴云正极性电荷区的传播有关
Figure 2 LMA observation of a RHESSI-detected TGF (a) and the associated ultra-low frequency (ULF) magnetic field (c) at 0938:16 UTC on 26
July 2008. The TGF event appeared during the initial stage of intra-cloud lightning (corresponding to the progression of an upward negative leader),
and the distinct ULF magnetic field pulse indicates a significant charge transfer process [16]. The comparison with temperature profile from the balloon
sounding (b) indicates that LMA mainly detected the propagation of negative leader in the upper positive cloud region.





























































Figure 3 Typical radio-frequency lightning signals associated with
TGFs (from top to bottom, the signals are obtained with low frequency
(a), very-low frequency (b), and ultra-low frequency (c) magnetic field
sensors). Panel (a) also shows the light-curve of TGF with a time bin of
40 µs. The TGF event was detected by FERMI-GBM at 1038:15 UTC
on 12 October 2010. The parent lightning was detected by the World-
Wide Lightning Location Network (WWLLN) at a distance about
1937 km from a measurement site located in Duke Forest.






































初始阶段上行负先导期间出现的较大幅值超低频磁场脉冲是TGF相关闪电信号的典型特征). (a) 高度随时间的变化; (b) 向北
方向的垂直投影图; (c) VHF辐射源的高度分布直方图
Figure 4 One potential TGF-producing intra-cloud lightning flash observed on June 10, 2010 by the LMA in northern Alabama. The large ultra-low
frequency (ULF) magnetic field pulse occurring during the initial stage of intra-cloud lightning with an upward negative leader is a typical feature of
TGF-related lightning signals. (a) Altitude vs. time; (b) view to north; (c) altitude histogram of VHF radiation source.
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Thunderstorms in the troposphere produce lightning flashes and cause charge transfer of different strength at varying
spatial and temporal scales, leading to various forms of transient electromagnetic effects in the vast space above
thunderstorms. In particular, normal intra-cloud (IC) lightning can generate ionizing hard X-rays and gamma rays,
forming Terrestrial Gamma-ray Flashes (TGFs). We briefly summarize the progress in TGF studies that has been
achieved in the past decade based on multiple space-borne platforms: (1) TGFs are usually associated with the upward
negative leader during the initial stage of IC flashes and are often accompanied by relatively strong IC discharge with
high peak current and large charge transfer, which is called the energetic IC pulse (EIP); (2) based on the characteristics
of TGF-related radio-frequency signals, we can develop a remote sensing approach with ground-based measurements of
lightning signals, thereby greatly enriching the investigation dataset of TGFs and parent thunderstorms; (3) till date, no
unified mechanism for TGF production has been developed due to a lack of effective observation with respect to the
source region. Thermal runaway breakdown and relativistic runaway electron breakdown are the two mainstream
theories to explain TGF production. Compared with transient luminous events (TLEs; e.g., red sprites, gigantic jets, and
blue jets) as the lightning-induced dielectric breakdown in the mesosphere, studies on TGFs, in terms of both
observations and theoretical interpretation, lag behind the research in Europe and the USA. However, along with China’s
latest progress in space detection technology (particularly the implementation of the Insight Hard X-ray Modulation
Telescope (Insight-HXMT) and the Gravitational-wave high-energy Electromagnetic Counterpart All-sky Monitor
(GECAM)), researchers in China desire to make steady progress in the field of TGF studies through continuous efforts in
developing ground-based lightning detection techniques.
Hard X-ray Modulation Telescope (Insight-HXMT), Gravitational-wave high-energy Electromagnetic Counter-
part All-sky Monitor (GECAM), terrestrial gamma-ray flashes (TGFs), initial stage of intra-cloud lightning,
negative upward leader
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